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[57] ABSTRACT 

A vacuum microdevice includes a ?rst electrode, an insu 

lating ?lm, and a second electrode. The ?rst electrode 
projects in a current radiation region on a substrate and has 

a sharp tip. The insulating ?lm is formed on the surface of 
the ?rst electrode except the tip of the ?rst electrode. The 
second electrode is formed on the insulating ?lm and has an 
electrode thickness Which increases aWay from the tip of the 
?rst electrode. 

7 Claims, 9 Drawing Sheets 
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VACUUM MICRODEVICE AND METHOD OF 
MANUFACTURING THE SAME 

BACKGROUND OF THE INVENTION 

The present invention relates to a vacuum microdevice 
and, more particularly, to the structure of a ?eld emission 
cold cathode applied to, e.g., a microminiature microWave 
vacuum tube and a microminiature display element, and a 
method of manufacturing the same. 
A microminiature ?eld emission cold cathode can be 

manufactured as a vacuum microdevice by using silicon 
semiconductor technologies, and several conventional meth 
ods are knoWn. To enhance the function of a ?eld emission 
cold cathode, hoWever, it is necessary to meet material 
requirements such as the use of an emitter material Which 
has a small Work function and hardly changes due to an 
environment, in addition to satisfying dimensional require 
ments such as a sharp tip of an emitter and the uniformity of 
shapes of a plurality of emitters. For this reason, a manu 
facturing method using the principle of a mold method has 
attracted attention recently. In this method, a recessed por 
tion With a pointed bottom surface is formed in a silicon 
substrate, an emitter material is buried in the recessed 
portion, and the emitter is separated from the silicon sub 
strate. A method of manufacturing a ?eld emission cold 
cathode using this mold method Was ?rst reported in H. F. 
Grey et al., “Method of Manufacturing a Field-Emission 
Cathode Structure” (US. Pat. No. 4,307,507). 

In this mold method, a large number of very small 
recessed portions can be uniformly formed in a silicon 
substrate, and processing is facilitated because it is only 
necessary to bury an emitter material in these recessed 
portions. Therefore, the method has the advantage that 
various types of emitter materials can be used. HoWever, the 
patent to H. F. Grey et al. has the limitation that the thickness 
of an emitter must be increased since, if the emitter material 
is a thin ?lm, the strength of the emitter is insuf?cient When 
the emitter is separated from the silicon substrate. This 
prolongs the emitter formation time, and a technique for 
controlling large stresses remaining in the emitter material is 
also necessary. 
One method capable of manufacturing a cold cathode 

device by using a thin emitter ?lm is to reinforce the thin 
emitter ?lm by adhering the ?lm to a structural substrate 
having a suf?cient strength. An example of the manufacture 
of a triode structure device using this method is described in 
M. Nakamoto et al., “Manufacture of Field Emission Cold 
Cathode, Field Emission Cold Cathode Using It, and Flat 
Image Display” (Japanese Patent Laid-Open No. 6-36682). 
This prior art Will be described beloW With reference to 
FIGS. 9 and 10A to 10F. FIG. 9 shoWs the structure of a ?eld 
emission cold cathode using the mold method. An emitter 
electrode 101 having sharp tips in current radiation regions 
104 is formed on a glass substrate 100. A gate electrode 103 
is formed on the emitter electrode 101 via an oxide ?lm 102. 
When a voltage of about 100 V is applied betWeen the 

gate electrode 103 and the emitter electrode 101, an intense 
electric ?eld of about 109 V/cm is generated because the tip 
of the emitter electrode 101 is sharpened in the current 
radiation region 104. Electrons are emitted from the tip of 
the emitter electrode 101 due to this intense electric ?eld. 
Since the current radiation region 104 thus generates an 
intense electric ?eld, it is required to control the shape of the 
emitter electrodes and the gate electrodes 103 With high 
accuracy. 

FIGS. 10A to 10F illustrate a method of manufacturing 
the structure shoWn in FIG. 9 in the order of steps. As shoWn 
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2 
in FIG. 10A, holes 116 each having dimensions of 1 pm><1 
pm><0.7 pm are formed in a silicon substrate 110 by using an 
oxide ?lm 111 as a mask. In this formation, holes having the 
shape of an inverted triangular pyramid can be easily formed 
by etching the silicon substrate 110 by using a KOH 
(potassium hydroxide) solution. Subsequently, as shoWn in 
FIG. 10B, the silicon substrate 110 is oxidiZed to form an 
oxide ?lm 112 about 300 nm thick inside the holes 116. An 
emitter metal 113 is deposited to have a thickness of about 
1 pm on the oxide ?lm 112. Forming the oxide ?lm 112 in 
the holes 116 has an effect of sharpening the points of the 
holes 116. As shoWn in FIG. 10C, the emitter metal 113 and 
a glass substrate 100 are adhered by using electrostatic 
adhesion. The resultant sample is then dipped in a KOH 
etching solution to completely remove the silicon substrate 
110. Since a KOH etching solution has a silicon etching rate 
approximately 100 times as high as that of an oxide ?lm, the 
structure shoWn in FIG. 10C is obtained. 

Subsequently, as shoWn in FIG. 10D, a resist 115 is 
applied on the surface of a gate metal 114 about 1 pm thick 
formed by sputtering. Molybdenum is commonly used as the 
emitter metal 113 and the gate metal 114. As shoWn in FIG. 
10E, the resist 115 is back-etched under conditions by Which 
the entire surface of the sample is etched at a uniform rate. 
The back-etch is stopped When the oxide ?lm 112 is exposed 
in regions 117 Where sharp tips are formed. Thereafter, as 
shoWn in FIG. 10F, the resist 115 is removed, and the sample 
is dipped in an HF (hydrogen ?uoride) solution to etch the 
oxide ?lm 112 exposed in the regions 117. Consequently, the 
tips of the metal 113 as the emitter electrode can be exposed. 

SUMMARY OF THE INVENTION 

Unfortunately, the structure shoWn in FIG. 9 and the 
manufacturing method shoWn in FIGS. 10A to 10F still have 
the folloWing problems. First, the gate electrode 103 is ?at 
in a region outside the sharp tip of the emitter electrode 101, 
but inside the current radiation region 104 the gate electrode 
103 obliquely projects inWard toWard the emitter tip. As 
described above, before electrons can be emitted from the 
current radiation region 104 it is necessary to apply a very 
large electric ?eld (109 V/cm or more) betWeen this pro 
jecting portion of the gate electrode 103 and the sharp tip of 
the emitter electrode 101. When a large electric ?eld like this 
is applied, a large electrostatic attraction acts betWeen the 
projecting end portion of the gate electrode 103 and the 
sharp tip of the emitter electrode 101, bringing these por 
tions close to each other. 

Accordingly, When the gate electrode 103 projects near 
the tip of the emitter electrode 101 as shoWn in FIG. 9, the 
projecting portion of the gate electrode 103 readily deforms 
because the mechanical rigidity of this portion is small. If 
the projecting portion of the gate electrode 103 is thus bent 
toWard the tip of the emitter electrode 101, the gate electrode 
103 and the emitter electrode 101 come into contact With 
each other (are electrically short-circuited), the projecting 
portion of the gate electrode 103 breaks (the device sensi 
tivity is decreases), or the ?eld intensity changes (the device 
sensitivity is made unstable) due to the deformation of the 
projecting portion of the gate electrode 103. Especially 
When this ?eld emission cold cathode is applied to a display, 
a large number of ?eld emission regions must be formed, so 
it is necessary to make individual device characteristics 
uniform and stable. 

Second, as shoWn in FIGS. 10D and 10E, a sputtered gate 
metal 114 is formed on the oxide ?lm 112 by controlling the 
back-etch time of the resist 115. HoWever, it is very difficult 
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to uniformly deposit a metal consisting of the gate metal 114 
in the vicinity of the sharp tip of the emitter metal 113. That 
is, unlike When a thin metal ?lm is formed on a ?at surface, 
the sputtered metal atoms unevenly adhere to the substrate 
in the vicinity of the sharp tip, and growth resulting from 
internal stress occurs from this uneven portion as a seed. 
Consequently, the gate metal 114 often forms voids near the 
sharp tip of the emitter metal 113. 

Also, When the resist 115 is applied on the gate metal 114, 
the resist surface must be planariZed. When the sample 
surface has large projections and recesses as shoWn in FIG. 
10D, the resist 115 must be applied to have a large thickness. 
When the height of the emitter electrode tip is about 1 pm, 
it is necessary to apply the resist 115 about 3 to 5 pm thick. 

The resist surface, hoWever, cannot be completely pla 
nariZed even by this method. FIG. 10D shoWs this state in an 
enlarged scale. This imperfect planariZation of the resist 
surface leads to imperfection of the subsequent etch-back 
process, preventing complete control of the shape of the 
projecting portion of the gate metal 114. 

The most serious problem of this etch-back process is the 
timing at Which etching of the resist 115 is stopped. Since a 
region in Which the oXide ?lm 112 is eXposed is very small 
(1 pmxl pm or smaller) in each current radiation region 117, 
it is dif?cult to detect the end timing of the etch-back 
process. Therefore, the principal conventional approach is to 
perform control in accordance With the time determined by 
test samples. HoWever, this method is unable to avoid large 
variations in individual samples or in elements in an array, 
that result from variations of the thickness of the resist 115 
or by variations of the etching rate depending upon the 
apparatus. Since the etching rate also depends upon the siZe 
and shape of a sample, it is necessary to measure the 
etch-back time Whenever the device design is changed. 
Consequently, a long time is required before the manufac 
turing conditions are obtained. 

It is an object of the present invention to provide a 
vacuum microdevice such as a gate electrode structure ?eld 
emission cold cathode having a large mechanical rigidity, 
and a method of manufacturing the same. 

It is another object of the present invention to provide a 
vacuum microdevice Which can be easily manufactured 
Without any back-etch process, and a method of manufac 
turing the same. 

According to the present invention, there is provided a 
vacuum microdevice comprising a ?rst electrode projecting 
in a current radiation region on a substrate and having a 
sharp tip, an insulating ?lm formed on a surface of the ?rst 
electrode eXcept the tip of the ?rst electrode, and a second 
electrode formed on the insulating ?lm and having an 
electrode thickness Which increases aWay from the tip of the 
?rst electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a sectional vieW shoWing a vacuum microdevice 
according to the ?rst embodiment of the present invention; 

FIG. 2 is a sectional vieW shoWing a vacuum microdevice 
according to the second embodiment of the present inven 
tion; 

FIGS. 3A to 3F are sectional vieWs shoWing the ?rst 
eXample of a vacuum microdevice manufacturing method of 
the present invention; 

FIG. 4 is a sectional vieW for explaining another eXample 
of the step shoWn in FIG. 3B; 

FIGS. 5A to SF are sectional vieWs shoWing the second 
eXample of the vacuum microdevice manufacturing method 
of the present invention; 

10 

15 

35 

45 

55 

65 

4 
FIGS. 6A to 6F are sectional vieWs shoWing the third 

eXample of the vacuum microdevice manufacturing method 
of the present invention; 

FIGS. 7A to 7F are sectional vieWs shoWing the fourth 
eXample of the vacuum microdevice manufacturing method 
of the present invention; 

FIGS. 8A to SF are sectional vieWs shoWing the ?fth 
eXample of the vacuum microdevice manufacturing method 
of the present invention; 

FIG. 9 is a sectional vieW shoWing a conventional vacuum 

microdevice; and 
FIGS. 10A to 10F are sectional vieWs shoWing a conven 

tional vacuum microdevice manufacturing method. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention Will be described in detail beloW 
With reference to the accompanying draWings. 

FIG. 1 shoWs a vacuum microdevice according to the ?rst 
embodiment of the present invention. For example, an 
emitter electrode 11 is adhered on a 0.5-mm thick structural 
substrate 10 such as a glass substrate. This emitter electrode 
11 has circular pyramidal portions With sharp tips on a 
second major surface different from a ?rst major surface 
adhered to the structural substrate 10. A gate electrode 13 is 
formed on this second major surface via an insulating ?lm 
12. The emitter electrode 11 is made from a material having 
a small Work function, e.g., molybdenum, tantalum, 
titanium, a nitride of molybdenum/tantalum/titanium, 
polysilicon, LaBS, or a diamond ?lm. The thickness of the 
emitter electrode 11 is about 1 pm. The sharp tip of the 
emitter electrode 11 has a radius of curvature of 10 nm or 
less. The insulating ?lm 12 is an oXide ?lm, a nitride ?lm, 
or an oXide or a nitride of the emitter electrode material, and 
has a thickness of about 0.3 pm. The gate electrode 13 is a 
p- or n-type silicon layer about 1 pm thick Which is made 
from, e.g., silicon doped With an impurity and having a loW 
resistance. 

In the vicinity of a sharp tip 11a of the emitter electrode 
11, the insulating ?lm 12 covering the emitter electrode 11 
is partially removed to eXpose the sharp tip of the emitter 
electrode 11, forming a current radiation region 14. In this 
current radiation region 14, the gate electrode 13 has a ?at 
shape and surrounds the sharp tip lha of the emitter electrode 
11. A contact pad 15 Where the emitter electrode 11 is 
eXposed to connect a lead Wire to the emitter electrode 11 is 
formed in the outer periphery of the device. This contact pad 
15 is formed on the same surface of the structural substrate 
10 Where the emitter electrode 11 is formed. Therefore, 
When the rear surface of the structural substrate 10 is 
adhered to a package, the emitter electrode 11 and the gate 
electrode 13 can be electrically connected to the pins of the 
package. This is advantageous in simplifying mounting of 
the device. 

FIG. 2 shoWs a vacuum microdevice according to the 
second embodiment of the present invention. This second 
embodiment is the same as the ?rst embodiment shoWn in 
FIG. 1 eXcept for the shape of a gate electrode 13a in a 
current radiation region 14. That is, the thickness of the gate 
electrode 13a formed outside the current radiation region 14 
is constant. HoWever, inside the current radiation region 14 
the height of the gate electrode 13a decreases toWard a sharp 
tip 11a of an emitter electrode 11. In both of the structures 
shoWn in FIGS. 1 and 2, the gate electrodes 13 and 13a have 
a height equal to or larger than the height of the sharp tip 11a 
of the emitter electrode 11. Therefore, inside the current 
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radiation region 14 the gate electrode 13 has a thickness 
larger than the thickness of a conventional gate electrode and 
is so tapered that the thickness increases aWay from the 
sharp tip 11a of the emitter electrode 11. This greatly 
increases the mechanical rigidity. 

In the above structures, silicon containing highly doped 
boron, n-type silicon, or p-type silicon is suitable as the 
material of the gate electrodes 13 and 13a provided that the 
manufacturing methods to be described later are used. Also, 
glass (particularly borosilicate glass) is suitable as the struc 
tural substrate 10 because metal-glass electrostatic adhesion 
can be used. 

In the structures shoWn in FIGS. 1 and 2 as described 
above, the gate electrode 13 formed to surround the sharp tip 
11a of the emitter electrode 11 has a tapered structure in 
Which the thickness increases from the sharp tip of the 
emitter electrode 11 toWard the outer periphery, instead of a 
conventional projecting structure Which readily deforms. In 
the structure shoWn in FIG. 1, therefore, the hole of the gate 
electrode 13 smoothly connects to the gate electrode surface 
in a region Where the emitter electrode 11 is not exposed. In 
the structure shoWn in FIG. 2, in the hole of the gate 
electrode 13a the height of the gate electrode 13a decreases 
toWard the sharp tip 11a of the emitter electrode 11. When 
a large electric ?eld acts on the gate electrode 13 (13a) 
having the above shape from the sharp tip 11a of the emitter 
electrode 11, an in-plane tensile stress is produced in the gate 
electrode 13 (13a). 

Generally, the rigidity of a structure With respect to an 
in-plane tensile stress is much larger than the rigidity in 
bending of a conventional structure. Since, therefore, the 
mechanical rigidity of the gate electrode increases in the 
current radiation region, deformation of the gate electrode 
can be Well suppressed even if a large electric ?eld acts in 
the current radiation region. This stabiliZes the device char 
acteristics. 

Various methods of manufacturing the structures shoWn in 
FIGS. 1 and 2 Will be described beloW With reference to the 
accompanying draWings. 

FIGS. 3A to 3F illustrate the ?rst example of a vacuum 
microdevice manufacturing method according to the present 
invention. As shoWn in FIG. 3A, an oxide ?lm 21 is 
selectively formed on a silicon substrate 20, and holes 
having dimensions of, e.g., 1 pmxl pm are formed by using 
the oxide ?lm 21 as a mask. The silicon substrate 20 is 
etched by using an anisotropic etching solution such as KOH 
or hydraZine, forming mold holes 22 having the shape of an 
inverted triangular pyramid. 

Subsequently, as shoWn in FIG. 3B, the oxide ?lm 21 is 
completely removed from the silicon substrate 20, and boron 
is diffused at a high concentration into the major surface of 
the silicon substrate 20 in Which the mold holes 22 are 
formed, thereby forming a B diffusion layer 23. This high 
concentration diffusion of boron can be accomplished by 
opposing a solid source to the major surface in Which the 
mold holes 22 are formed and heating the source at a 
temperature of about 1200° C. in an atmosphere containing 
nitrogen gas and oxygen mixed at a How rate of about 3 to 
10% of the How rate of the nitrogen gas. 
The characteristic feature of this manufacturing method is 

that boron diffuses at a loW concentration at the sharp point 
of the bottom of the mold hole 22. This phenomenon is 
generally unknoWn and found by the present inventors 
during the course of experiments. One notable feature of the 
present invention is to apply this novel phenomenon to the 
manufacture of a vacuum microdevice. 
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6 
Possible reasons Why boron hardly diffuses at the point of 

the mold hole are as folloWs. First, in diffusion using a solid 
source, an oxide ?lm (B203) containing heavily doped 
boron is ?rst formed on the surface of the silicon substrate 
20 and serves as a source for diffusing boron into the silicon 
substrate 20. HoWever, since oxygen gas does not evenly 
diffuses in a very small hole, the concentration of oxygen 
gas at the bottom of the mold hole 22 becomes loWer than 
that near the entrance. Consequently, the thickness of the 
oxide ?lm (boron diffusion source) containing highly doped 
boron decreases at the bottom of the mold hole 22. 

Second, an oxide ?lm has a boron segregation coef?cient 
larger than that of silicon. Therefore, When boron is draWn 
from the silicon substrate 20 into the oxide ?lm in the 
subsequent mold hole oxidation process (FIG. 3C), boron is 
also draWn from the vicinity of the point of the mold hole 22 
into the oxide ?lm. This further decreases the boron con 
centration near the point of the mold hole. Third, boron 
diffusion produces a large strain betWeen the silicon sub 
strate 20 and the oxide ?lm formed at the point of the mold 
hole 22, and this suppresses the diffusion of boron. The 
combined effect of the above three causes is considered 
responsible for the decrease in the boron concentration at the 
point of the mold hole 22. 

After the solid source diffusion, the surface of the silicon 
substrate 20 is covered With the oxide ?lm 21 containing 
heavily doped boron and having a thickness of about 100 
nm. Therefore, it is necessary to completely remove the 
oxide ?lm by using hydro?uoric acid. This step is important 
to form an emitter electrode having sharp tips. This is so 
because an oxide ?lm containing boron has a loW melting 
point and ?oWs at about 700° C. particularly in an atmo 
sphere containing hydrogen, and as a consequence the points 
of the mold holes 22 are rounded in the subsequent mold 
hole oxidation process (FIG. 3C). 

In FIG. 3C, the sample is placed in an electric oven, and 
an oxide ?lm 24 is formed on the silicon substrate 20 on 
Which the B diffusion layer 23 is formed. In FIG. 3D, an 
emitter electrode 11 is deposited on the oxide ?lm 24. In 
FIG. 3E, the surface of the silicon substrate 20 on Which the 
emitter electrode 11 is formed is adhered to one surface of 
a structural substrate 10. 

If the structural substrate 10 is made from a glass material, 
the glass and the emitter electrode 11 can be strongly 
adhered by using an electrostatic adhesion method. Since a 
large adhesion strength can be obtained by this electrostatic 
adhesion, deformation of the emitter electrode 11 can be 
decreased When the emitter electrode 11 is separated from 
the silicon substrate 20 in a subsequent step. Also, When 
borosilicate glass (e.g., Corning #7740) is used as the 
material of the glass substrate 10 and, e.g., tantalum or 
molybdenum is used as the material of the emitter electrode 
11, a less strained device can be obtained because the 
thermal expansion coef?cients of these tWo materials are 
close. When an emitter electrode material With a thermal 
expansion coef?cient largely different from that of the glass 
substrate 10 is used, a ?lm of, e.g., tantalum, molybdenum, 
or silicon is formed as an adhesion layer on the emitter 
electrode 11 after the emitter electrode 11 is formed in the 
step of FIG. 3D. This alloWs easy adhesion to the glass 
substrate 10. 

Subsequently, as shoWn in FIG. 3F, the silicon substrate 
20 is removed While the B diffusion layer 23 is left behind 
by placing the sample in a solution, e.g., a hydraZine 
solution, Whose etching rate depends upon the boron con 
centration. Those projecting end portions of the oxide ?lm 
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24 that are exposed in current radiation regions 14 are 
removed by using hydro?uoric acid to expose sharp tips 11a 
of the emitter electrode 11. 

A contact pad 15 is formed by one of the following tWo 
methods. In the ?rst method, before the boron diffusion 
shoWn in FIG. 3B is performed the oXide ?lm 21 is selec 
tively left behind only in a region Where the contact pad 15 
is to be formed. The remaining oXide ?lm 21 is used as a 
mask to prevent boron from diffusing into the silicon sub 
strate 20. As a consequence, silicon in the contact pad region 
is removed to form a region Where the oXide ?lm 24 is 
eXposed in the silicon etching step shoWn in FIG. 3F. This 
oXide ?lm 24 is removed in the same step as the step of 
eXposing the tips 11a of the emitter electrode 11, and the 
contact pad 15 is formed. 

In the second method, a resist pattern having a hole in a 
contact pad region is formed after the silicon etching step 
shoWn in FIG. 3F, and, e.g., a dry etching apparatus is used 
to selectively etch the B diffusion layer 23 by using a gas 
such as SF6. Thereafter, the resist pattern is removed, and the 
oXide ?lm 24 in the eXposed region is removed by using 
hydro?uoric acid. 

Note that thermal diffusion using a solid source is used to 
form the highly doped B diffusion layer 23 in the step shoWn 
in FIG. 3B, but the B diffusion layer 23 can also be formed 
by using ion implantation. HoWever, the utmost care should 
be taken When performing ion implantation. If ion implan 
tation is carelessly done, a large amount of boron is 
implanted into the points of the mold holes 22, and this 
makes it dif?cult to eXpose the sharp tips 11a of the emitter 
electrode 11. 

FIG. 4 shoWs another eXample of the step shoWn in FIG. 
3B. As shoWn in FIG. 4, after the oXide ?lm 21 is removed 
from the surface in the step shoWn in FIG. 3A, the normal 
to the major surface of the silicon substrate 20 in Which the 
mold holes 22 are formed is inclined toWard the implanta 
tion direction of boron ions 30 emitted from an ion implan 
tation apparatus. At the same time, the sample is rotated as 
indicated by an arroW 31 about the implantation direction of 
the boron ions 30. The inclination angle of the silicon 
substrate 20 With respect to the implantation direction of the 
boron ions 30 is 1 to 55 degrees. By changing this inclination 
angle, it is possible to change the siZe of a region Where the 
heavily doped B diffusion layer 23 is not formed at the point 
of the mold hole 22. To shorten the implantation time, boron 
implantation is desirably performed With a dose of 1015/cm2 
or more. After the ion implantation, the silicon substrate 20 
is annealed in a nitrogen atmosphere at about 700 to 1000° 
C. for about 30 min. Thereafter, the steps from FIG. 3C are 
performed to manufacture the device. 

The manufacturing method shoWn in FIGS. 3A to 3F and 
4 illustrate a device manufacturing method in Which a mask 
for preventing boron diffusion is not formed in the mold 
holes 22 When the B diffusion layer 23 is formed. This 
manufacturing method has the advantages that the device 
manufacturing process can be greatly simpli?ed (the struc 
ture having the contact pad 15 shoWn in FIG. 1 can be 
manufactured only by performing photolithography tWice), 
and that a gate electrode 13 having a very small hole 
(diameter=about 0.5 pm) can be formed around the sharp tip 
11a of the emitter electrode 11. The ability to decrease the 
hole siZe of the gate electrode 13 results in a great advantage 
of being able to decrease the voltage to be applied to the 
device. 

FIGS. 5A to SF illustrate the second eXample of the 
vacuum microdevice manufacturing method according to 
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8 
the present invention. In FIGS. 5A to SF, a device manu 
facturing method by Which a mask for a B diffusion layer is 
formed in mold holes is depicted in the order of steps. As 
shoWn in FIG. 5A, an oXide ?lm 21 is selectively formed on 
a silicon substrate 20, and holes having dimensions of, e.g., 
1 pm><1 pm are formed by using the oXide ?lm 21 as a mask. 
The silicon substrate 20 is etched by using an anisotropic 
etching solution such as KOH or hydraZine, forming mold 
holes 22 having the shape of an inverted triangular pyramid. 

Subsequently, the oXide ?lm 21 is removed and, as shoWn 
in FIG. 5B, an oXide ?lm 40 and a nitride ?lm 41 are 
sequentially formed on the surface of the silicon substrate 
20. The oXide ?lm 40 is formed by thermally oXidiZing the 
silicon substrate 20 and has a thickness of, e.g., about 300 
nm. The nitride ?lm 41 is formed to have a thickness of 
about 100 nm by using loW-pressure CVD (Chemical Vapor 
Deposition). A resist is then applied to form a resist pattern 
42 in each mold hole 22. This resist pattern 42 has a 
thickness of about 3 pm and can be either slightly larger or 
smaller than the planar siZe of the mold hold 22. 

As shoWn in FIG. 5C, the resist pattern 42 is used as a 
mask to etch the nitride ?lm 41 and the oXide ?lm 40, 
thereby forming an insulating ?lm pattern 43 on the mold 
hole 22. After the resist 42 is removed, boron is diffused at 
a high concentration into the silicon substrate 20 to form a 
B diffusion layer 44. This high-concentration diffusion of 
boron can be accomplished by opposing a solid source to the 
major surface in Which the mold holes 22 are formed and 
heating the source at a temperature of about 1200° C. in an 
atmosphere containing nitrogen gas and oXygen miXed at a 
How rate of about 3 to 10% of the How rate of the nitrogen 
gas. During the boron diffusion, the nitride ?lm 41 acts as a 
boron diffusion mask and also functions to prevent the 
boron-containing oXide ?lm from ?oWing and burying the 
point of the mold hole 22. Therefore, the shape of the mold 
hole 22 hardly changes even in this boron diffusion step. 
Since, hoWever, a thin oXide ?lm is formed on the nitride 
?lm 41, further pointed mold holes can be obtained by 
additionally performing a step of removing this thin oXide 
?lm. 

Subsequently, as shoWn in FIG. 5D, the silicon substrate 
20 is oXidiZed to form an oXide ?lm 46 about 300 nm thick 
on the surface of the substrate 20. An emitter electrode 11 is 
then deposited on the oXide ?lm 46. As shoWn in FIG. 5E, 
the major surface of the silicon substrate 20 on Which the 
emitter electrode 11 is formed is adhered to one surface of 
a structural substrate 10. If the structural substrate 10 is 
made from a glass material, the glass and the emitter 
electrode 11 can be strongly adhered by using electrostatic 
adhesion. 

As shoWn in FIG. 5F, the silicon substrate 20 is removed 
While the B diffusion layer 44 is left behind by placing the 
sample in a solution, e.g., a hydraZine solution, Whose 
etching rate depends upon the boron concentration. The end 
portions of the oXide ?lm 46 eXposed in current radiation 
regions 14 are removed by using hydro?uoric acid and hot 
phosphoric acid or a reactive gas such as SF6 to eXpose sharp 
tips 11a of the emitter electrode 11. In the process of this 
example, high-concentration boron diffusion is performed 
by using a mask. Therefore, boron is draWn into the oXide 
?lm 40 during the diffusion of boron, so the structure shoWn 
in FIG. 2 can be manufactured. 

FIGS. 6A to 6F illustrate the third eXample of the vacuum 
microdevice manufacturing method according to the present 
invention. As shoWn in FIG. 6A, a nitride ?lm 50 is 
selectively formed on a silicon substrate 20, and holes 
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having dimensions of, e.g., 1 pm><1 pm are formed by using 
the nitride ?lm 50 as a mask. The silicon substrate 20 is 
etched by using an anisotropic etching solution such as KOH 
or hydrazine, forming mold holes 22 having the shape of an 
inverted triangular pyramid. Subsequently, as shoWn in FIG. 
6B, the silicon substrate 20 is oXidiZed in an electric oven to 
form an oXide ?lm 51 on the surface of each mold hole 22. 
As shoWn in FIG. 6C, the nitride ?lm 50 is removed from the 
silicon substrate 20, and boron is ion-implanted into the 
silicon substrate 20 by using the oXide ?lm 51 as a mask. 
Additionally, annealing is performed to form a highly doped 
B diffusion layer 52. 
As shoWn in FIG. 6D, the silicon substrate 20 is oXidiZed 

in an atmosphere not containing hydrogen at a loW tempera 
ture of about 800° C., thereby forming an oXide ?lm 53 
about 100 nm thick on the surface of the silicon substrate 20. 
Thereafter, an emitter electrode 11 is deposited on the oXide 
?lm 53. In FIG. 6E, the major surface of the silicon substrate 
20 on Which the emitter electrode 11 is formed is adhered to 
one surface of a structural substrate 10. If the structural 
substrate 10 is made from a glass material, the glass and the 
emitter electrode 11 can be strongly adhered by using an 
electrostatic adhesion method. In FIG. 5F, the silicon sub 
strate 20 is removed While the B diffusion layer 52 is left 
behind by placing the sample in a solution, e.g., a hydraZine 
solution, Whose etching rate depends upon the boron con 
centration. The end portions of the oXide ?lm 51 eXposed in 
current radiation regions 14 are removed by using hydrof 
luoric acid to eXpose sharp tips 11a of the emitter electrode 
11. 

This manufacturing process is very simpli?ed compared 
to the process shoWn in FIGS. 5A to SF, since a boron 
diffusion mask is formed on the mold holes 22 Without using 
any photolithography. HoWever, the oXide ?lm 51 contain 
ing boron is also used in the subsequent process, so caution 
should be eXercised to perform the subsequent process at a 
loW temperature so that the borosilica glass does not ?oW. To 
completely prevent a shape change of the mold hole 22 
caused by ?uidiZation of the borosilica glass, it is sometimes 
effective to add a step of once completely removing all 
masks after the boron diffusion step shoWn in FIGS. 5C and 
6C. Thereafter, an insulating ?lm made from an oXide ?lm 
is formed in a region including the mold hole 22 by the 
oxidation step shoWn in FIGS. 5D and 6D. Consequently, 
the emitter electrode 11 With a sharp tip can be formed 
Without taking account of shape changes of the mold hole 
22. 

In the manufacturing methods of the ?rst to third 
eXamples described above, a gate electrode is formed by 
using the difference betWeen the etching rates of a heavily 
doped boron layer and a silicon substrate in an etching 
solution such as hydraZine. These manufacturing methods 
have the advantages that the shape of the gate electrode is 
readily controllable and the manufacturing cost is loW 
because the process is extremely simple. HoWever, When a 
highly doped B diffusion layer is used, holes diffusing from 
the p-type gate electrode reach the interior of an insulating 
?lm and readily causes recombination of electrons and holes 
in the interface betWeen the insulating ?lm and the emitter 
electrode. This makes an emission current dif?cult to pro 
duce. Also, an oXide ?lm in Which boron is diffused at a high 
concentration has a loW Withstand voltage. Accordingly, the 
device easily succumbs to short-circuiting. Manufacturing 
methods described beloW do not require the formation of 
this highly doped boron layer and further improve the 
voltage characteristic of the device. 

FIGS. 7A to 7F illustrate the fourth eXample of the 
vacuum microdevice manufacturing method according to 
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10 
the present invention. As shoWn in FIG. 7A, an n-type 
impurity diffusion layer 61 is formed on a silicon substrate 
60 containing a p-type impurity. This n-type impurity dif 
fusion layer 61 is formed by performing thermal diffusion in 
an atmosphere containing phosphorus such that a phospho 
rus diffusion layer is formed to have a thickness of about 1 
pm. As shoWn in FIG. 7B, an oXide ?lm 21 is selectively 
formed on the n-type impurity diffusion layer 61, and holes 
having dimensions of, e.g., 1 pm><1 pm are formed by using 
the oXide ?lm 21 as a mask. The n-type impurity diffusion 
layer 61 of the p-type silicon substrate 60 is etched by using 
an anisotropic etching solution such as KOH or hydraZine, 
forming mold holes 22 having the shape of an inverted 
pyramid. Subsequently, as shoWn in FIG. 7C, the p-type 
silicon substrate 60 is oXidiZed in an electric oven to form an 
oXide ?lm 62 on the surface of the p-type silicon substrate 
60. The dimensions of the mold hole 22 and the steps shoWn 
in FIGS. 7A to 7C must be so adjusted that the end portion 
of the oXide ?lm 62 formed in the mold hole 22 reaches the 
p-type silicon substrate 60. 

Thereafter, as shoWn in FIG. 7D, an emitter electrode 11 
is deposited on the oXide ?lm 62. In FIG. 7E, the major 
surface of the p-type silicon substrate 60 on Which the 
emitter electrode 11 is formed is adhered to one surface of 
a structural substrate 10. If the structural substrate 10 is 
made from a glass material, the glass and the emitter 
electrode 11 can be strongly adhered by using electrostatic 
adhesion. In FIG. 7F, the sample is placed in a silicon 
etching solution such as a hydraZine solution, and a reverse 
bias voltage of about 10 V is applied betWeen the n-type 
diffusion layer 61 and the etching solution. Consequently, 
the p-type silicon substrate 60 is removed While the n-type 
diffusion layer 61 is left behind. The end portions of the 
oXide ?lm 62 eXposed in current radiation regions 14 are 
removed by using hydro?uoric acid to eXpose tips 11a of the 
emitter electrode 11. 

FIGS. 8A to SF illustrate the ?fth eXample of the vacuum 
microdevice manufacturing method according to the present 
invention. As shoWn in FIG. 8A, a silicon isolation layer 71 
is formed on a silicon substrate 20 via an insulating ?lm 70 
such as an oXide ?lm. This silicon isolation layer can be so 
formed as to have a thickness of about 1 pm by using a 
method of, e.g., SIMOX. As shoWn in FIG. 8B, an oXide ?lm 
21 is selectively formed on the silicon isolation layer 71, and 
holes having dimensions of, e.g., 1 pm><1 pm are formed by 
using the oXide ?lm 21 as a mask. The silicon isolation layer 
71 of the silicon substrate 20 is etched by using an aniso 
tropic etching solution such as KOH or hydraZine, forming 
mold holes 22 having the shape of an inverted triangular 
pyramid. Subsequently, the oXide ?lm 21 is removed, and 
the silicon substrate 20 is oXidiZed in an electric oven to 
form an oXide ?lm 72 on the silicon isolation layer 71 as 
shoWn in FIG. 8C. The dimensions of the mold hole 22 must 
be so adjusted that the end portion of the oXide ?lm 72 
formed in the mold hole 22 reaches the insulating ?lm 70 in 
the above steps. 

Thereafter, as shoWn in FIG. 8D, an emitter electrode 11 
is deposited on the oXide ?lm 72. In FIG. 8E, the major 
surface of the silicon substrate 20 on Which the emitter 
electrode 11 is formed is adhered to one surface of a 
structural substrate 10. If the structural substrate 10 is made 
from a glass material, the glass and the emitter electrode 11 
can be strongly adhered by using electrostatic adhesion. In 
FIG. 8F, the silicon substrate 20 is removed While the 
insulating ?lm 70 and the silicon isolation layer 71 are left 
behind by placing the sample in a silicon etching solution 
such as a hydraZine solution. After the insulating ?lm 70 is 
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removed, the end portions of the oxide ?lm 72 exposed in 
current radiation regions 14 are removed by using hydrof 
luoric acid to expose tips 11a of the emitter electrode 11. 

In the manufacturing methods shoWn in FIGS. 7A to 7F 
and FIGS. 8A to SF, a layer serving as a gate electrode is 
formed on a very ?at sample before mold holes are formed. 
Therefore, the shape of the formed gate electrode is very ?at. 
Consequently, the structure of the present invention as 
shoWn in FIG. 1 can be obtained. 

Each of the above manufacturing methods is realiZed by 
applying a mold method to a silicon substrate having a thin 
silicon ?lm structure With a thickness suitable for a gate 
electrode. Since the thin silicon ?lm structure as a gate 
electrode is already formed on a sample in Which an emitter 
electrode is buried, a gate electrode need not be deposited on 
an uneven surface unlike in conventional methods. Also, the 
thin silicon ?lm as a gate electrode and the rest of the silicon 
substrate are separated by using the difference betWeen 
properties, e.g., the difference betWeen the impurity concen 
trations of silicon, the difference betWeen the types of 
impurities, and the formation of a dielectric material 
betWeen them. This obviates the need for an etch back 
process used in conventional methods. Consequently, the 
process is very simpli?ed, and a uniform shape can be easily 
manufactured. 

In the structures and manufacturing methods described 
above, the gate electrode 13 can also be formed by using 
various metal materials. If this is the case, the above 
manufacturing methods cannot be directly used, but the 
structural problems of conventional structures can be over 
come. To form the gate electrode 13 by using a metal 
material, it is possible to use, e.g., a method in Which the 
gate metal 114 is deposited thick until the surface is con 
siderably planariZed in the step shoWn in FIG. 10D of the 
conventional manufacturing method, and the gate metal 114 
is etched back Without using the resist 115. 

It is also possible to planariZe the gate metal 114 by using 
the resist 115 and then etch back the gate metal 114. In this 
method the gate metal 114 must be deposited to have a 
thickness of 5 pm or more. HoWever, When the gate metal 
114 is deposited thick, the device deforms due to an increase 
of the internal stress, the process is prolonged, and the 
planarity of the gate electrode suffers. Nevertheless, the 
structure thus manufactured should be included in the struc 
tures of the present invention because this structure has a 
larger mechanical rigidity than those of conventional struc 
tures and Well stabiliZes the device characteristics. 

As has been described above, in the vacuum microdevices 
of the present invention, the second electrode is so formed 
that its thickness increases aWay from the sharp tip of the 
?rst electrode. Since this increases the mechanical rigidity of 
the second electrode, an electrical short circuit hardly occurs 
even When a large electric ?eld is applied betWeen the 
second electrode and the sharp tip of the ?rst electrode. 
Therefore, the life and reliability of the device can be 
increased. Also, deformation of the second electrode near 
the tip of the ?rst electrode is suppressed. Accordingly, the 
relationship betWeen the radiation current and the applied 
voltage obeys a FoWler-Nordheim relation (FN plot). 
Additionally, the device characteristics in individual current 
radiation regions can be uniformly controlled. As a 
consequence, the device design is facilitated, and a large 
current With uniform characteristics can be obtained. 

In the manufacturing methods of the present invention, 
the thickness of the second electrode can be very accurately 
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controlled over the entire surface. For example, diffusion of 
boron can be controlled betWeen 0.1 to 30 pm With an 

accuracy of 0.05 pm or less by changing the diffusion time 
and temperature. Also, since the second electrode is formed 
in the step Which is self-aligned With respect to the ?rst 
electrode, the relative positional relationship betWeen the 
tWo electrodes formed is extremely accurate. Additionally, 
no etch back process is used in the manufacturing methods 
of the present invention. This eliminates the problems of the 
etch back process, e.g., variations and the difficulty in 
locating the end point. This process improvement has the 
advantage that devices having uniform characteristics can be 
manufactured With simple manufacturing steps. 
Consequently, the time and cost for device development can 
be greatly reduced. 

Furthermore, in the manufacturing methods of the present 
invention, the structure of the second electrode having very 
small holes can be manufactured by diffusing or implanting 
boron Without using any mask. The electrical characteristics 
of devices manufactured by using molybdenum as the ?rst 
electrode Were actually measured. Consequently, While a 
current of about 100 pA Was emitted from 100 arrays When 
a voltage of 100 V Was applied to conventional devices, a 
current of 100 pA Was emitted With an applied voltage of 40 
V in devices manufactured by the method of the present 
invention. That is, the use of the manufacturing methods of 
the present invention has an effect of being able to provide 
a device capable of emitting a large current With a small 
applied voltage. 
What is claimed is: 
1. A vacuum microdevice comprising: 

a ?rst electrode serving as a cathode and having a sharp 
tip projecting in a current radiation region; 

an insulating ?lm formed on a surface of said ?rst 
electrode except in a region of said tip of said ?rst 
electrode; and 

a second electrode serving as a gate electrode and formed 
on said insulating ?lm except said region of said tip and 
having an electrode thickness Which increases With 
increasing radial distance from said tip of said ?rst 
electrode in the current radiation region. 

2. A vacuum microdevice according to claim 1, Wherein 
said second electrode comprises silicon doped With boron at 
a concentration of not less than 5><1019 cm_3. 

3. A vacuum microdevice according to claim 1, Wherein 
said second electrode consists of silicon containing an 
n-type impurity. 

4. A vacuum microdevice according to claim 1, Wherein 
said substrate comprises a glass substrate, and said ?rst 
electrode is ?xed to said glass substrate by adhesion. 

5. A vacuum microdevice according to claim 1, Wherein 
said second electrode has a ?at surface leveled With said tip 
of said ?rst electrode. 

6. A vacuum microdevice according to claim 1, Wherein 
said second electrode has a ?at surface higher than said tip 
of said ?rst electrode outside said current radiation region 
and has a surface inclined doWnWard toWard said tip of said 
?rst electrode inside said current radiation region. 

7. A vacuum microdevice according to claim 1, Wherein 
said ?rst electrode is an emitter electrode having a conical 
shape, and said second electrode is a gate electrode having 
a ?at surface. 


